Objective To assess the effect of motor imagery, as a rehabilitation method in stroke, on F-wave parameters that undergo changes during upper motor neuron involvement. Methods Twenty-one fully conscious hemiparetic stroke survivors with a completely plegic hand (power 0/5) and a minimum interval of 72 hours since stroke were recruited into this study. The mean F-wave latency, amplitude, and persistence in the median and ulnar nerves were measured in both the affected and non-affected sides at rest and in the paretic hand during a mental task. Comparison was made between data from the affected hand and the non-affected hand as well as between data from the affected hand at baseline and during motor imagery. Results Patients had significantly different F-wave persistence between the affected and non-affected sides (paired t-test, p<0.001). Motor imagery could improve F-wave persistence in both the investigated nerves (paired t-test, p=0.01 for ulnar nerve and p<0.001 for median nerve) and F-response amplitude in the median nerve (paired t-test, p=0.01) of the affected limb. Conclusion The amplitude and persistence of F-wave were improved during motor imagery, representing F-wave facilitation. This result suggests that motor imagery can restore motor neuron excitability, which is depressed after stroke.
INTRODUCTION
Stroke is a major cause of morbidity. Many subjects remain permanently disabled, despite intensive rehabilitation. After management of the acute phase, the patients should participate in exercise programs as soon as possible to activate the process of recovery and neural re-organization [1] . Motor imagery is a process during which a specific action is reproduced mentally without any real movements, and the same neural and muscular structures are activated during physical activity [1, 2] . Many studies suggested that a stroke rehabilitative regimen www.e-arm.org augmented by mental practice renders a greater impact on upper extremity movement, gait, and other functional tasks than physical therapy only [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . A recent systematic review concluded that mental practice in conjunction with conventional physical therapy can not only be effective for functional rehabilitation of both upper and lower extremities, but also for the recovery of daily activities and skills [14] .
F-waves-produced by backfiring of the alpha motor neurons-have been used as a probe for motor cortex excitability and F-wave activity can be modified by motor imagery based on some previous reports [15] . In 2008, Taniguchi et al. [16] observed a decline in F-wave persistence and amplitude after relaxation task which recovered quickly after exercise and changed little with imagery task. They stated that motor imagery without actual muscle contraction can effectively counter the suppression induced by relaxation task and maintain the excitability of the anterior horn cells. Therefore, this maneuver may restore the spinal excitability even while testing a paretic muscle and this result was reproduced later by Hara et al. [17] . To elucidate the physiologic mechanisms underlying motor imagery, Fujisawa et al. [18] , conducted a study in 2011 and proposed that mental simulation counters rest-induced suppression primarily by restoring spinal excitability.
In two studies performed by Milanov [19, 20] , the Fwave was found to be increased in amplitude, duration, latency, and persistence on the spastic side of spastic hemiparetic patients. Voluntary muscle contraction enlarged the F-wave amplitude in normal subjects and patients with lower motor neuron disorders, but this facilitation was not seen in patients with upper motor neuron disorder. Differences between the upper motor neuron disorder group and the normal and lower motor neuron disorder groups with respect to the F-wave amplitudes at rest and during voluntary contraction was the basis for the theory that F-waves can be used as a monitor of upper motor neuron disorder [21] .
To the best of our knowledge, this is the first study to investigate the effect of motor imagery on the F-wave elicited from a paretic muscle as a result of stroke in contrast to the prior studies that evaluated F-responses in intentionally inactivated normal muscles. We aimed to assess whether the F-wave parameters in the paretic side of stroke patients change during motor imagery. The hypothesis is that in a paretic muscle following stroke, mental practice might improve the F-wave parameters which can be due to restoration of the spinal excitability via corticospinal facilitation. It means that in clinical practice, motor imagery might be able to induce some neuroplastic changes in the brain of stroke survivors that lead to motor recovery. This effect can be one of the mechanisms involved in stroke neurorehabilitation by performing mental tasks.
MATERIALS AND METHODS
Fully conscious hemiparetic stroke survivors (Glasgow Coma Scale 15/15) between 25 and 65 years of age, in whom the diagnosis was made based on the physical examination and brain imaging findings, with distal upper extremity power of 0/5 based on manual muscle testing and minimum interval of 72 hours since stroke were recruited into this study. Patients in a stable neurologic condition, who were referred to our university electrodiagnostic clinic between February 2012 and January 2013, were enrolled in this study. Subjects with decreased level of consciousness, those suffering from Wernicke's or global aphasia or asomatognosia, and patients with a past history of peripheral neuropathy or cervical radiculopathy were excluded. Patients were examined after they gave their informed consent. All patients underwent detailed upper limb nerve conduction studies and those with electrophysiological findings suggestive of any peripheral nerve involvement were also excluded. Research protocol was approved by our university ethics committee, and the study was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments.
It is supposed that patients with spasticity have some differences in the F-wave parameters, such as amplitude and persistence, compared to the subjects with normal or flaccid muscle tone. To investigate whether motor imagery has a different effect in stroke patients who have a different muscle tone, we assessed the muscle tone in the elbow region of the paretic side in patients according to the Ashworth scale and enrolled the patients who received a score of zero in the flaccid category. Other patients with a score equal to or more than one were enrolled in the spastic group.
The electrodiagnostic tests were performed by using a
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Medelec Synergy electromyography instrument (VIASYS HealthCare, Surrey, UK) with bar electrodes as stimulators and recorders. We tried to maintain the skin temperature at least 31°C for recording the F-wave parameters in rooms with similar constant temperatures between 23°C and 25°C. F-waves were elicited by supramaximal electrical shock delivery to either the median nerve or the ulnar nerve of each hand at the wrist, 8 cm proximal to the recording sites at the abductor pollicis brevis (APB) or abductor digiti minimi (ADM) muscle bellies. These two nerves are accessible motor nerves that are usually assessed in conventional upper limb electrodiagnostic studies. We recorded the amplitude, latency, and persistence of F-waves in both hands at rest and in the paretic hand during motor imagery task. For every trial, we delivered 10 stimuli at a frequency of 1 Hz and measured the mean latency and average peak-to-peak amplitude of all detectable responses. Also, we recorded the total number of detectable responses after 10 stimuli as the persistence. During each trial, we tried to ensure that the patient did not make any unintentional hand movements.
The electrodiagnostic parameters employed in our study were as follows [22] : sweep speed 5 ms/div; sensitivity 100−200 μV/div; and band pass filter 10−10,000 Hz. The maximal stimulus was determined by increasing the intensity or pulse duration to the point at which the largest compound muscle action potentials could be recorded. Supramaximal stimulus for eliciting the F-wave was considered to be 20% higher than the maximal stimulus.
Motor imagery task consisted of abduction of the little finger for the ulnar nerve and thumb opposition for the median nerve. First, we taught the finger movements to the patients and supervised them while they performed the task using the non-affected side. Then, we asked the patients to perform the imaginary tasks for the affected limbs. Motor imagery was conducted when the patient declared that he/she had understood the process and was ready for performing the task during the study. Subsequently, F-wave recording was performed during motor imagery.
Data were analyzed using SPSS ver. 17 (SPSS Inc., Chicago, IL, USA). Comparison was made between the Fwave parameters recorded from the paretic hand and the non-paretic hand and also between F-response parameters recorded at rest and during the motor imagery task www.e-arm.org from the paretic side only. According to the inclusion criteria, we recruited the patients with a completely plegic hand (muscle power of 0/5), and therefore, when the patients performed mental practice they could not unintentionally contract the muscle that was being investigated. This helped us to isolate the effect of motor imagery on the F-wave parameters. The F-wave changes during motor imagery on the unaffected side might be contaminated by the effect of voluntary contraction. We know that slight contraction of the muscle under investigation can facilitate observation of F-waves. Therefore, we did not make a comparison between the F-waves parameters at baseline and during motor imagery in the unaffected side [23] . We used one-sample Kolmogorov-Smirnov test for checking normality of the data distribution. Paired t-test was used for analysis of normally distributed data and Wilcoxon signed-rank test was used for data that did not have normal distribution. The p-values less than 0.05 were considered statistically significant.
RESULTS
Among the 21 patients recruited in our study, 42.9% were females and 57.1% were males. Patients had mean age of 48.61±9.99 years. The time interval since the onset of stroke to the day of the study was variable, and it ranged from 4 to 75 days with a mean of 32.66±20.56 days.
The mean time spent after stroke was 52.14±20.51 days in patients with spastic paresis compared to 22.92±12.24 days in patients suffering from flaccid paresis. With respect to the tone, 14 patients (66.7%) had upper limb flaccid paresis compared to 7 patients (33.3%) who had spastic paresis based on the physical examination.
According to the one-sample Kolmogorov-Smirnov test results, the overall data obtained from the flaccid group were normally distributed ( Table 1 ). Due to normal data distribution, we used the paired t-test and found an overall significant difference in F-wave persistence for both the median and ulnar nerves between paretic and non-paretic hands ( Table 2) . During the motor imagery task, there was a significant change in the median nerve F-wave amplitude and persistence compared to the baseline. Also, we observed a statistically significant improvement in the ulnar nerve F-wave persistence, but a non-significant improvement in the ulnar nerve F-wave amplitude (Table 3) .
In the group with flaccid paresis, the results were similar to the total patients' analyses and there was a significant improvement in the median nerve F-wave amplitude and the median and ulnar nerve F-wave persistence during motor imagery. Although the F-wave amplitude of the ulnar nerve was also improved, this result did not reach statistical significance. In this group, a statistically significant difference was seen only in the F-wave per- www.e-arm.org sistence of median and ulnar nerves between both the hands (Tables 4, 5 ).
Due to the small sample size of the group with spastic upper limb paresis, we used Wilcoxon signed-rank test for the data analysis. In this group, a significant improvement was seen in the median and ulnar nerve F-wave amplitude and persistence during motor imagery. The comparison between normal and paretic hands showed a statistically significantly lower median and ulnar nerve F-wave persistence and higher ulnar nerve F-wave amplitude in paretic hands than in non-paretic hands (Tables 4,  5 ).
DISCUSSION
Previous studies have provided evidence for the role of motor imagery in rehabilitation of patients with different disorders, such as stroke. Although F-wave has been used as a probe for motor cortex excitability with clinical utility in stroke patients [15] , it has never been studied for investigating the underlying mechanism involved in the rehabilitation of these patients by performing mental practice. Our study not only showed a significant difference in some F-wave parameters between the paretic and non-paretic sides of patients, but it also demonstrated a significant improvement in some F-wave parameters of paretic hands during motor imagery. www.e-arm.org A survey by Chroni et al. [23] assessed the changes in ulnar nerve F-wave variables associated with acute hemiparetic stroke, and they could not find any significant difference between F-wave variables in the affected or unaffected side of fully conscious stroke survivors and control subjects. They suggested that any changes in persistence or maximum amplitude during the immediate phase after stroke is due to the decreased level of consciousness. We excluded patients in the acute phase of stroke and recruited only fully conscious patients after a minimum interval of 72 hours since stroke. We found a significantly different F-wave persistence in the affected and nonaffected hands recorded from both the median and ulnar nerves in this study sample.
Similar to our results, some other studies reported changes in the F-wave parameters after stroke that could be observed even earlier than changes in the clinical status [24, 25] . Differences were observed in the persistence of F-responses in patients with different muscular tones [26] and in an examination of 120 patients with spastic hemiparesis after stroke, the F-wave latencies were prolonged on the affected side [21] . We did not find any significant difference in F-wave latencies between the paretic and non-paretic hands either in the total analysis or after subgroup analysis according to the muscle tone. Interestingly, in contrast to the patients with flaccid hemiparesis in whom the non-affected hands showed greater mean amplitude of the F-wave than the paretic hands, the patients with spastic paresis had greater F-wave mean amplitude on their affected side. The more prolonged duration of paresis in spastic patients might help to explain this finding because reduced spinal motor neuron excitability is reported to be present in the initial stages of stroke, which is followed by increased motor neuron excitability within 90 days [26] . The F-wave was already found to be increased in amplitude, duration, and persistence on the spastic side in patients studied by Milanov [19] . This confirms the concept that F-wave parameters are related to spinal motor neuron excitability, which was previously demonstrated by Drozdowski et al. [25] ; however, our study population included a limited number of spastic patients, which did not allow for making a definite conclusion.
The finding of an increase in the amplitude and persistence of the F-wave due to motor imagery observed in this study was previously reported in a pioneering survey investigating the effect of motor imagery on the F-wave elicited in 12 healthy subjects [17] . F-wave amplitude increment due to mental practice has also been observed in another study as the effect of motion imagery to counter the effect of suppression induced by three hours of muscle immobilization [16] .
Only F-wave persistence and mean F-wave amplitude to a lesser degree would reflect the change in motor unit excitability due to corticospinal tract and other upper motor neuron influences as stated by Rivner [15] . This might explain why we could not find a statistically significant change in the ulnar nerve F-wave amplitude on the affected sides of patients especially in patients of the flaccid group, during motor imagery; while an obvious significant increase was seen in the ulnar nerve F-wave persistence during mental task. The degree of degeneration of the lateral corticospinal tracts is proposed to be parallel that of fiber loss in ventral roots in stroke patients, and the estimated motor unit number in the moderate to severely affected hemiplegic side decreases after stroke [27] . It seems that either the facilitatory or inhibitory effects of cortical activity are manifested at the spinal level which would be reflected in the F-wave parameters [15] . Therefore, mental practice might provide a facilitatory effect that is needed to counter the reduced anterior horn cell excitability induced by stroke and to consequently improve the F-wave amplitude and persistence elicited from distal muscles.
Similar to this study, the study by Hara et al. [17] showed no significant changes in F-wave latencies after mental practice. This might be due to the theory that the F-wave is mostly generated by large, fast conducting motor units leaving little room for motor imagery to recruit the faster conducting axons. In contrast to these two studies, Taniguchi et al. [16] , found a shift toward longer F-wave latencies after imagery task and suggested a greater facilitation of the small, slow conducting motor units as a result of mental practice which is consistent with the size principle. On the other hand, they suggested that motor imagery might be unable to sustain normal reactivity of the anterior horn cells leading to a delay in recurrent discharge [16] .
However, there are some limitations to this study. We selected the patients with a completely plegic hand according to the physical examination and we had some difficulties in differentiating between 0/5 and 1/5 power www.e-arm.org in the APB or ADM muscles. If patients had not been selected carefully, the ability to contract the muscle might lead to the generation of F-wave not exclusively due to motor imagery. Although we visually monitored patients' performance, it might not be adequate for confirming the ability to perform motor imagery task without muscle contraction. Lack of an objective parameter for monitoring the real performance of the mental task and its accuracy is another limitation of this study. Finally, it should be noted that in spastic or hypertonic hands, electrical shock may induce flexor synergy and significant changes in the F-wave parameters. We tried to visually monitor the patients' hands during the trials of F-wave recording to ensure that there was no additional hand movement; however, no strict method for wrist and hand fixation was followed.
It seems that motor imagery can improve some F-wave parameters in the plegic muscles of stroke survivors. This improvement might be due to restoration of motor neuron excitability. We recommend conducting further well-designed studies in the near future using more task-specific motor imagery techniques and appropriate monitoring tools, such as surface electromyography, for ensuring that the F-responses are not contaminated by muscle contraction.
